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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

TECHNICAL NOTE D-1553

THERMODYNAMIC PROPERTIES OF CARBON-DIOXIDE AND NITROGEN

MIXTURES BEHIND A NORMAL SHOCK WAVE

By Henry T. Woodward

SUMMARY

Thermodynamic properties of the gas in equilibrium behind normal shock waves

in mixtures of carbon dioxide and nitrogen are calculated for resulting tempera-

tures from 3000 ° to 8000 ° K at intervals of !000 ° K and pressures of i, i0, and

i00 atmospheres. Equilibrium temperature, pressure, density3 and component mole

fractions are presented as functions of shock velocity and ambient pressure for

an initial temperature of 300 ° K. Mixtures of 25, 50, and 75 percent N2 by

volume are considered. The amounts of NO, C_ and CN which are formed could

make a significant contribution to the electron density and the radiative heat

flux potential.

INTRODUC TION

Successful flight through an atmosphere depends on knowledge of thermodynamic

and transport properties of the atmosphere. Now that exploration of other planets

is being contemplated, there is increasing interest in the properties of their

atmospheres, especially the shock-heated gases in front of space vehicles entering

these atmospheres at high velocities.

Theoretical calculations that predict gas properties behind a shock wave are

based on knowledge of the proportions of the constituent gases in the ambient

atmosphere. These proportions can be accurately measured in our own atmosphere_

but precise information about other planetary atmospheres is lacking. Such calcu-

lations must therefore be based on assumed proportions of gases in these atmos-

pheres. Likely components of the atmospheres of Mars and Venus include carbon

dioxide and nitrogen (ref. i).

Equilibrium properties of gases whose ambient composition is i00 percent

C02, 98.1 percent N2 and 1.9 percent C02, and i00 percent N2 are given in

references 2, 3, and 4, respectively. In the present report, ambient atmospheres

with the following compositions are assumed.



Percent composition by volume
Case

C02 N2

I

II

III

25

5O

77

75

5O

25

A few additional cases are considered in order to make curve fairing more precise.

Properties in the shocked gases are calculated for equilibrium temperatures and

pressures ranging from 3000 ° to 8000 ° K and i to I00 atmospheres. These proper-

ties are presented for corresponding velocities from i0,000 to 26_000 feet per

second and ambient pressures of 0.01_ 0.i_ and 1.0 atmosphere as obtained through

the normal shock conservation equations.

PROCEDURE

When the ambient gas is heated and compressed to various temperatures and

pressures behind a shock wave_ the composition of the gas changes. The first

task is to determine the proportions of the components of this gas as a function

of temperature and pressure, since these are necessary to calculate other gas

properties.

The significant components present in the range of equilibrium temperatures

and pressures of interest can be estimated from the magnitudes of the equilibrium

constants of possible chemical reactions. The equilibrium constant for a reaction

is

where f_F° is the standard free energy change of the reaction at equilibrium

temperature T2, and R is the universal gas constant. Ideal-gas free-energy

values for possible components are tabulated or can be calculated for various

temperatures as shown in reference 7. In this case it was estimated that the sig-

nificant components are gas phases of C02, N2, CO, 02, 0, C, N, NO, and CN.

Determining the proportions of these nine components requires the solution of nine

equations in these nine unknowns - one equation expressing Dalton's law of partial

pressures, six equations expressing the law of mass action for six independent

reactions involving these components, and two material balance equations.

Dalton's law of partial pressures states that the sum of the partial

pressures of the components is equal to the total pressure of the mixture.

In this case it follows that
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xc02 + XN2 + XCO + XO2 + XO + XC + XN + XNO + XCN = i (2)

where XCOe, for example_ is the ratio of the number of particles of C02 to the
total numoer of particles in the mixture.

The six independent reactions and the corresponding applications of the law
of mass action are

i
COe _ CO + _ 02

(Xco)(Xo2)_/2 KPI

XC 02 P21 /e

(3)

CO.C+ 0

(Xc)(Xo) _P2

Xco P2
(4)

02 _ 20

(Xo)2 KP3

Xo e P2
(5)

N2 _ 2N

(XN)_.: KP___4
XNe Pe

(6]

i i
NO _ _ Ne + _ 02

(×N2)i/2(xo2) _/_

XNO
: _p_ (7)

CN_C+N

(Xc)(XN) = KP--_s (8)
XCN P2

where Pe is the total equilibrium pressure in atmospheres and the values of Kp

are calculated from equation (i).

The two material-balance equations state that the proportions of carbon,

oxygen, and nitrogen particles in molecular and atomic forms are the same in the



shocked gas as they are in the ambient gas. The ratio of oxygen particles to
carbon particles is 2, and the ratios of nitrogen particles to carbon particles
are 6, 2, and 2/3 for cases I, II, and III, respectively. These relationships
can be expressed as

2/02 + XN0 + 2Xc02 + XC0 + XO

_% + _0 + XcN + xc

= 2 for cases I, II,

and III

(9)

_"e + X_o + xN + xc" 6 for case I

= 2 for case II

2/3 for case III

(io)

Equations (2) through (i0) are combined, simplified, and solved for X by a

systematic iterative procedure. These component proportions are listed for cor-

responding equilibrium temperatures and pressures in table I.

Once these component proportions are known, other gas properties can be

calculated. The molecular weight of the mixture is

Me =_, XiM i

i

(ii)

where M i is the molecular weight of component i.

From the equation of state, the density of the mixture is then

Pe
Pe = -- (12)

M2

Densities are also listed in table I.

The energy of the mixture per original mole of ambient gas is

Ml

Ee = _ _, XiE i

i

(i3)

where E i includes the translational, internal, and formation energy per mole of

component i obtained from reference 5; Ml is the molecular weight of the

ambient gas, given by

M1 : XCOe_ % + XN2_2 (t4)



where XC0 e and XN2 are the assumed ambient proportions of C0 e and N2.

When the density and energy have been determined, the velocity and ambient

pressure which give rise to the equilibrium properties behind a normal shock wave

can be calculated.

The equations expressing the conservation of mass, momentum, and energy

across a normal shock wave are

= P2v2 (15)

Pl + PzVz 2 = P2 + P2V2 2 (16)

Pl I P2 i
El +-- +--Vz 2 = E2 +-- + V22

Pl 2 P2 7
(17)

where subscript i designates properties ahead of the shock and subscript 2

designates properties behind the shock.

The energy per mole of ambient gas at 300 ° K is

Ez = Xco2Eco e + XN2EN a (18)

o

where E_m and E_T are the energies per mole of CO2 and Ne at 300 K obtained

from reference o. For a given Ta, Pa, Pa, E2, and El the normal shock equa-

tions are solved by the method of reference 7 for the corresponding normal shock

velocity Vl and ambient pressure Pm. The results of curve fairing and cross-

plotting of these points are shown in figures l, 2, 3, and 4, where equilibrium

temperature, pressure, density, and component gas fractions behind a normal shock

wave are given for corresponding values of velocity and ambient pressure.

DISCUSSION

According to the study made in reference 3 of parameters associated with
entry into an assumed Martian atmosphere (98.1 percent N2 and 1.9 percent C02) ,

the proportions of N0_ C_ and CN are of special interest. This study shows

that a large radiative heat flux potential exists primarily because of the pres-
ence of CN. It also shows that because of their relatively low ionization

potentials_ NO and C can contribute significantly to the electron density

concentrations at relatively low temperatures.

As the velocity (i.e., equilibrium temperature) increases, the proportion of

NO reaches a maximum of as much as 6 percent and decreases before the propor-

tions of C and CN show a significant increase, as shown in figure 4. The

effect of ambient proportions of CO 2 and N2 is shown in figure _ for a velocity

of 20,000 ft/sec and ambient pressure of 0.01 atmosphere. The proportion of NO



reaches a maximumwhen the ambient N2 proportion is about 30 percent_ whereas
the maximum C and CN proportions occur at an ambient N2 proportion of about
85 percent.

In figure 6, the proportion of CN is shownas a function of the ambient
proportion of N2 for a temperature of 6000° K and pressures of 1 and i0 atmos-
pheres. Values obtained from reference 3 are also plotted.

The heat flux potential also increases with increasing temperature. Figure i
showsthe equilibrium temperature as a function of velocity and figure 7 shows
that the equilibrium temperature increases with increasing ambient proportion of
N2. Since radiative heating is extremely sensitive to temperature_ this latter
effect maybe important.

AmesResearch Center
National Aeronautics and SpaceAdministration

Moffett Field_ Calif._ Nov. 26, 1962
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(a) Case I: 2_ percent C02 - 75 percent N2; Pz = O.1 atm.

Figure 4.- Component mole fractions as a function of normal shock velocity.

2O



Temperature , T2,°K

3000 4000 5000 6000 7000
I00 -!" I I ! I

8000
I

N

0

N2

.0

t._

"6

I0-1

C

CO

CN

NO

10-3L I I
I0 15 20 25x103

Velocity, VI ,ft/sec

(b) Case I: 2.5 percent C02 - 7_ percent N2; Pz = O.O1 atm.

Figure 4.- Continued.
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(c) Case II: 90 percent C02 - 90 percent N2; Pz = O.1 atm.

Figure 4°- Continued.
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Figure 4.- Continued,

23



_ 3000IO0 I

--CO 2

Temperature, T2, °K

4000 5000
I I

6000
I

7000
I

8000
I

N2

CO

c'-

0

0

0

NO

0
CN

10-3 _ I I I I I I
I0 12 14 16 18 20 ;)2 xlO 3

Velocity, VI , ft/sec

(e) Case III: 7_ percent C02 - 25 percent N2; PI = 0.i arm.

Figure 4.- Continued.
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